Abstract-The effects of humic acids (HA) on Cu uptake by the blue mussel (Mytilus edulis) were studied in chemically defined seawater. Short-term uptake by excised gills was studied and compared with whole-mussel Cu accumulation. Copper uptake in gills is not a saturable process within the time frame and concentration range tested, being a linear function of time (0-120 min) and Cu concentration (0-150 g/L). For the whole mussel, Cu uptake is not linear with time (0-72 h) and Cu concentration (0-130 g/L). The presence of HA (0-10 mg/L) clearly reduced Cu uptake by gills, but it did not have such an effect on whole-animal uptake. A simple complexation model obtained from voltammetric measurements was used to determine the noncomplexed (labile) fraction of Cu in the presence of HA to test the effect of speciation on Cu uptake. In most cases, Cu uptake by gills was better explained by labile Cu concentrations than by total Cu exposure concentrations, which is in agreement with the free-ion activity model. In whole-animal experiments, Cu uptake was not related to labile Cu concentrations in the presence of HA, indicating that Cu-HA complexes are at least partially available for uptake by the mussels.
INTRODUCTION
It is well documented that the total concentration of a metal is a poor predictor of its biological effects, because the chemical speciation of metals greatly affects their availability to aquatic organisms. A strong body of evidence supports the theory that the biological response elicited by dissolved metals is generally a function of their free-metal-ion activity [1] . This concept is usually referred to as the free-ion activity model [2] . The plasma membrane is a barrier to the simple diffusion of ions because of its hydrophobic nature. Intrinsic proteins span the lipid bilayer, providing pathways through which polar ions or molecules can diffuse or be carried either passively or in association with energy expenditure [3] . The selectivity of the transporters (i.e., preference for one ion over another) is determined by the charge and size of the ions [4] . The freeion activity model considers the transporters or surface-binding sites as ligands. If chemical equilibrium exists between metal ions and ligands in solution and the ligands on the cellular surfaces, it is expected that for a given situation, the bioavailability of the metal is directly related to the free-metal-ion activity under certain conditions (e.g., constant competing cations concentration) [1] . An extended version of this, the biotic ligand model, also considers the effects of changes in the concentration of competing ions, such as calcium and hydrogen ions, on the interaction of the metals with the cellular ligands [5, 6] .
Copper is one of the most toxic metals for aquatic organisms, along with silver and mercury. It is also a metal of environmental concern, because its concentration in some polluted areas reaches toxic levels. In seawater, only a small fraction of the Cu is present as the free cupric ion, with most being complexed by inorganic and organic ligands, forming hydrophilic complexes [7, 8] . The formation of these species usually * To whom correspondence may be addressed (lorenzo@uvigo.es).
reduces their toxicity, because they are either not available or less available for uptake, by aquatic organisms [1, [9] [10] [11] [12] . Seawater is a buffered medium, with relatively small variations in pH, ionic strength, or ion composition. The inorganic speciation of metals can be determined rather accurately and remains almost constant in marine environments. However, organic complexation can vary considerably, and its effect on metal bioavailability has to be measured or modeled for each specific situation. Humic substances are a major component of dissolved organic matter in aquatic systems [13] , although the percentage is usually lower in marine compared to freshwater environments [11] . Approximately 50% of dissolved organic matter in natural waters is humic acids (HA) [14] . Humic substances have a relative high affinity for metal ions, especially the group of metals that naturally occur as carbonate and hydroxide complexes, such as Cu and Pb [7, 9] .
Filter-feeding bivalves, such as the common mussel, are exposed to large volumes of water for respiratory and feeding purposes. In this process, the gills and other exchange surfaces are exposed to the metals in the environment. Mussels accumulate these metals in the soft tissues and shells, which is one of the reasons why they are frequently used in environmental pollution monitoring programs [15, 16] . Field studies concerning the effects of exposure concentrations and environmental conditions on metal uptake by mussels show poor relationships between total metal exposure concentrations and metal body or tissue burdens [17, 18] . Several studies have been conducted on the kinetics of metal uptake in bivalves, with most using radiotracers, such as 109 Cd, 210 Pb, availability of metals to bivalves. Most studies indicate a decrease in uptake, as expected on the basis of the free-ion activity model [20, 24] , although notable exceptions exist for some specific ligands [20] . More confusing results were obtained with humic substances or natural organic matter, usually not following the free-ion activity model or even enhancing the uptake of metals [25, 26] . In addition, filter-feeders also may use dissolved organic matter as a source of carbon [27] . The correct interpretation of these results is often hampered by the lack of sufficiently detailed information concerning the effect of the organic matter on the speciation of the metals. The present study aims to clarify this controversy by examining the effect of a characterized source of dissolved organic matter, in the form of HA, on the uptake of Cu by the gills and soft tissues of the common mussel Mytilus edulis under chemically defined exposure conditions. Copper uptake in isolated gills was compared to Cu uptake and accumulation by the whole soft tissues. Using a combination of chemical speciation measurements and modeling, it was verified to what extent Cu uptake was related to the free-metal-ion activity over a range of complexing conditions.
MATERIALS AND METHODS
Mussels were collected from an intertidal site at Westkapelle (The Netherlands). They were transported to the laboratory on ice in a cooling box. In the laboratory, they were cleaned from epibionts and transferred to acclimatization tanks filled with artificial seawater of 35‰ and 15 Ϯ 1ЊC. The mussels were fed on a commercial yeast formulation used in aquaculture (Lansy PZ; INVE, Dendermonde, Belgium). Two days before the start of the Cu exposure experiments, feeding was stopped and mussels transferred into clean seawater aquaria to allow depuration.
The water used for reagent preparation and rinsing was deionized water purified by ion exchange (resistivity, Ն18.2 M⍀ cm Ϫ1 ; Milli-Q; Millipore, Molsheim, France) before use. The Cu exposure experiments were conducted in 35‰, chemically defined seawater prepared from analytical-grade salts and deionized water and by dissolving the salts in the following order: NaF, 0.003 g/L; SrCl 2 ·6H 2 O, 0.024 g/L; Na 2 B 4 O 7 , 0.025 g/L; KBr, 0.10 g/L; KCl, 0.70 g/L; CaCl 2 ·2H 2 O, 1.47 g/L; Na 2 SO 4 , 4.00 g/L; MgCl 2 ·6H 2 O, 10.78 g/L; NaCl, 24.50 g/L; and NaHCO 3 , 0.200 g/L. The seawater was aerated with filtered air (pore size, 0.2 m) for 24 h to establish CO 2 equilibrium with the atmosphere and to stabilize the pH (8.05-8.20) . Copper concentrations were obtained by adding the necessary volumes from a standard, 1.000-g/L Cu solution. Humic acid stock solutions were prepared by dissolving the sodium salt (Aldrich, Steinheim, Germany) in a 4 ϫ 10 Ϫ3 M NaOH solution and then storing it at 4ЊC in the dark [13] . The experimental Cu plus HA solutions were prepared according to the complexation model described in Results. This model was obtained from labile Cu concentration measurements by anodic stripping voltammetry at different Cu and HA levels [12] . In this context, labile Cu is defined as the fraction of the total metal measurable by anodic stripping voltammetry, consisting of the free cupric ion plus inorganic Cu complexes.
All experiments were conducted in a 15.0 Ϯ 0.5ЊC isothermal room. The exposure solutions were acclimatized for 24 h to bring them to the experimental temperature and to let the complexation between Cu and HA reach equilibrium. Glassware and plastic labware were stored in 5% HNO 3 acid for at least 24 h and rinsed three times with deionized water before use.
Isolated gill experiments
Mussels between 50 and 60 mm in length were selected for these experiments. Three series of experiments were performed to study the Cu uptake by excised gills. Mussels were opened with a scalpel and cleaned with artificial seawater, and the gills were cut from the mantle as close as possible to the base. Experiments were conducted at different Cu concentrations, ranging from 15 to 150 g/L (0.24-2.4 M). In a first series of experiments, excised gills were incubated in a 10-L exposure tank at a Cu concentration of 120 g/L, and samples were taken every 3 min over a 2-h period to determine the kinetics of Cu uptake by the gills. Second, the effect of the Cu concentration on the uptake rate was studied over range of 15 to 150 g/L during a 1-h exposure period. Each excised gill was placed in a 0.5-L plastic container and removed from the solution after exactly 1 h. Third, the effect of HA on the uptake of Cu was studied for a 1-h exposure period under the same conditions as the former experiment but using different combinations of Cu and HA concentrations. Copper concentrations ranged from 0 to 120 g/L, and HA concentrations ranged from 0 to 10 mg/L. All experiments were run in seven replicates except for the first experiment concerning the effect of exposure time on Cu accumulation in isolated gills; in that experiment, no replication was performed.
After incubation, the gills were washed twice for 15 s in artificial seawater and once for 5 s in deionized water and then transferred into preweighed, acid-cleaned, 2-ml polypropylene vials. The washing protocol is suitable for removing metal that is weakly bound to the external surfaces. Gill dry weight was determined after drying for 48 h at 65ЊC. Samples of water were taken at the beginning and the end of the experiments to determine the actual Cu concentrations.
Whole-animal experiments
Mussels between 37 and 47 mm in length were selected for these experiments. Twenty-four hours before Cu exposure, 22-L plastic aquariums were filled with 16 L of chemically defined seawater, and the Cu and HA additions were made. The exposure solutions were gently aerated with filtered air (pore size, 0.2 m) during the experiments.
Three types of experiments were carried out. First, the effect of exposure time on Cu uptake was studied over a 72-h exposure period. Mussels were exposed to one single Cu concentration (90 g/L), and samples of five individuals were taken after 0, 1, 3, 9, 24, and 72 h of exposure. Second, the effect of Cu concentration on Cu uptake was studied over a range of 0 to 130 g/L during a 24-h exposure period. Seven replicates per treatment were assayed. Third, the effect of HA on the uptake of Cu was studied over a 24-h exposure period. Mussels were exposed to Cu concentrations ranging from 0 to 120 g/L and HA concentrations ranging from 0 to 10 mg/ L. Nine individuals per treatment were collected at the end of the incubation period.
After exposure, the mussels were placed in clean artificial seawater for 10 min and washed with deionized water to remove the exposure solution from the mussel cavity and the weakly adsorbed metal, respectively. Subsequently, the soft tissues were dissected with fresh blades and transferred into preweighed, acid-washed, 30-ml polypropylene tubes and dried for 72 h at 65ЊC. Samples of water were taken concur- [12] . Labile Cu concentrations (solid line) are assumed to equal the inorganic Cu concentrations, and the nonlabile Cu (dotted line) is the Cu-HA complex concentration. Theoretical free-Cu concentrations (dashed line) were calculated assuming that the coefficient of inorganic complexation of Cu 2ϩ is 36 [31] .
rently with the animals to measure the actual Cu concentrations in the exposure solutions.
Metal analysis
Dried samples of mussel tissue were digested with a mixture of ultrapure 69% HNO 3 (5 ml for the whole mussels and 0.25 ml for the gills) and 30% H 2 O 2 (0.25 ml for the whole mussels and 0.05 ml for the gills). After these additions, the samples were left overnight at room temperature and then placed in a microwave oven for complete digestion. Next, they were diluted with deionized water (30 ml for the whole animal and 1.2 ml for the gills). Blank tubes, containing the acids but without the tissues, and samples of mussel tissue reference material (CRM 278R; European Community Bureau of Reference Materials, Geel, Belgium) also were prepared and digested together with the mussel tissues.
For seawater analyses, 10 ml were taken before and after the incubations to check the nominal Cu concentrations. Next, 150 l of 69% HNO 3 and 200 l of 30% H 2 O 2 were added to adjust the pH to approximately 1 and to avoid possible interferences of the organic matter in the measurements. Samples were kept at 4ЊC until analyzed for Cu and other metals. Samples of each batch of artificial seawater were treated in the same way and measured to check the background Cu concentrations.
Copper concentrations in mussel tissues and seawater were determined by inductively coupled plasma atomic-emission spectroscopy (ICP-AES) using a Varian Liberty Series II ICP-AES (Varian, Mulgrave, Victoria, Australia). Samples were analyzed against matrix-matched calibration standards, and measurements were performed according to the method described by De Wit and Blust [28] . Copper concentration in tissues are expressed on a dry-weight basis (g/kg dw ).
Data analysis
The effects of time and Cu exposure concentrations on metal uptake were analyzed using linear or nonlinear regression, and the fitted parameters Ϯ 95% confidence intervals are given. Differences within and among groups were tested using analysis of variance. Regressions, correlations, and analysis of variance were performed with SigmaPlot 2001 7.0 for Windows (SPSS, Chicago, IL, USA) and SPSS 10.1.3. (SPSS). The observed Cu uptake by gills and mussels in the presence of HA was studied versus the total and labile Cu exposure concentrations. The significance of the deviations was tested by comparing the mean value of each treatment with the 95, 99, and 99.9% prediction intervals (n ϭ 7 or 9 replicates) of the Cu content predicted from the regression line obtained with the Cu-alone exposure treatments [29] .
RESULTS

Chemical speciation of Cu
The presence of HA reduces the inorganic Cu species in solution by forming Cu-HA complexes. Lorenzo et al. [12] have previously described this equilibrium system in seawater for Cu and HA concentrations ranging from 30 to 120 g/L and from 0 to 10 mg/L, respectively. They used a simple complexation model, assuming only one type of ligand and a reaction stoichiometry of 1:1: The labile Cu fraction is assumed to equal the inorganic Cu fraction and the nonlabile Cu to be presented by the Cu-HA fraction. Figure 1 shows the theoretical inorganic (labile) and organically complexed Cu at different [HA] . The free-Cu-ion concentration is a constant fraction of the total inorganic concentration in a buffered and chemically defined medium [30] . In this way, the free-Cu concentrations were calculated assuming that the free-ion concentration in seawater is 2.8% of the inorganic Cu concentration ( ϭ 1/36; from [31] 
Tissue and seawater analysis
The Cu concentrations (mean Ϯ standard deviation) obtained from digestion of certified reference material averaged 9.5 Ϯ 1.2 g/g, a 99% recovery from the certified value (9.45 Ϯ 0.13 g/g). The variation for duplicate sample analyses was approximately 12 and 7% for gill and mussel soft-tissue analyses, respectively. The actual Cu concentrations measured in the seawater at the beginning of the incubations were 105% Ϯ 13% of the nominal values in the gill experiments and 102% Ϯ 6% in the whole-animal experiments. Because of the short exposure period (1 h) in gill experiments, the Cu concentrations did not significantly change with time (p Ͼ 0.05). In whole-animal experiments, a significant decrease (p Ͻ 0.05) was found in seawater Cu concentration with time, and the final concentrations after 1 d of exposure were approximately 73% Ϯ 5% irrespective of the Cu and HA concentrations.
Isolated gill experiments Uptake of Cu by isolated gills as a function of time and Cu concentration.
In the first experiment, uptake of Cu by excised gills exposed to 120 g/L was followed over a 2-h period (Fig. 2a) . Gill Cu concentration increased linearly with exposure time over this period, and no evidence of saturation was apparent. The Cu uptake rate was 18,000 Ϯ 1,000 g/ kg dw /h, which equals an uptake rate constant, on the basis of the total Cu concentration, of 152 Ϯ 8 h Ϫ1 . Assuming ϭ 2ϩ ␣ Cu 1/36 (from [31] ), the free-Cu concentration is approximately 3.3 g/L (52 nM) at a total concentration of 120 g/L, resulting in an uptake rate constant of 5,500 Ϯ 300 h Ϫ1 expressed on the basis of the free-Cu-ion activity.
In the second experiment, the uptake of Cu by excised gills exposed for 1 h to different Cu concentrations, ranging from 15 to 150 g/L, was studied. Three series of experiments were performed. In all of them, a clear linear increase of Cu content in the exposed gills with the Cu concentration in the water was found, and no evidence of saturation kinetics was apparent. The slopes of the uptake curves obtained for each experiment were dependent on mussel batch, ranging from 80 to 141 h Ϫ1 . For this reason, the data were normalized to an average slope, with the results presented in Figure 2b . Data from Figure  2a and b were fitted by linear regression, with the fitting parameters obtained presented in Table 1 (model 1). The slope was b ϭ 113 Ϯ 10 h Ϫ1 , and the intercept, which gives the background Cu concentration in the gills, was [Cu 0 ] ϭ 5,400 Ϯ 800 g/kg dw . Subsequent experiments with gills were conducted within this range of concentrations and using an exposure time of 1 h.
Effect of HA concentration on Cu uptake by isolated gills. To study the effect of HA on Cu uptake by the gills, excised gills were exposed for 1 h to various amounts of Cu and HA in three different experiments. In addition, treatments with Cu alone were performed at the same time to enable comparison between the experiments. The pooled data are represented in Figure 3a , in which the Cu concentrations in the excised gills for all the experimental mixtures are plotted versus total Cu concentrations in the water. A decreasing percentage of labile Cu was obtained by increasing the HA concentration according to the complexation model previously described (Fig. 1) . A significant decrease in Cu uptake is shown for gills exposed to the same total Cu concentration with increasing amounts of HA. Several alternative regression models were used to fit the data in the presence of HA (Table 1 , models 2-4), and the resultant fitting parameters were compared to those obtained for gills exposed to Cu alone (Table 1 , model 1). Copper uptake in the presence of HA cannot be described as a simple function of Cu exposure concentration. The slope (uptake rate constant) obtained in model 2 is significantly lower than that obtained in the Cu-alone experiments, and the percentage of variation explained by this model is only 48%. The protective effect of HA also was tested by introducing a new parameter, c, in the model (Table 1, model 3) . The amount of variation explained by the model was 62.6%, and the Cu uptake rate constant (b) obtained was the same to that for the Cu-alone experiments. The introduced parameter, c, also was significantly lower than zero, confirming the protective effect of HA on Cu uptake in the gills.
The decrease in Cu uptake in the presence of HA was probably due to Cu complexation. This hypothesis was tested by constructing new Cu uptake models using labile Cu concentrations instead of total Cu concentrations as the independent variable (Table 1, model 4) . Figure 3b shows the same data when plotted as a function of labile Cu concentration. A better description of the data is observed, indicating that speciation measurements can explain Cu uptake by excised gills better than total Cu concentrations can. The uptake rate constant of the model, b, also was the same as that obtained in the Cu-alone experiments (Table 1 , model 1). The variability explained by the new model was 60.3% of the observed variance, meaning that labile Cu concentration is a better predictor than the total Cu concentration of Cu bioavailability in the presence of HA.
The high variability in Cu uptake within treatments explains the relative low r 2 values obtained for the models. The maximum variation that could be explained by any model for this dataset was 67.1%, meaning that models 3 and 4 explained 93.3 and 89.9%, respectively, of the variation when subtracting the within-treatment effects.
Whole-animal experiments
Uptake of Cu by mussels as a function of time and Cu concentration. Several experiments were conducted to study Cu uptake by the whole mussel as a function of time, and the same pattern was always observed. Figure 4a shows the uptake of Cu by mussels with time when exposed to 90 g/L. Copper concentration in the tissues increased with time, but accumulation did not remain linear, showing saturation kinetics instead. Accumulation reached a steady state after approximately 3 d and could be nicely fitted by a simple, singlecompartment accumulation model with elimination according to the following expression [32] :
where [Cu 0 ] and [Cu mus ] are the Cu concentrations in soft tissues at the beginning and after the exposure period, respectively; t is the exposure time in hours; [Cu eq ] is the Cu concentration achieved in the mussels at equilibrium; and k e is the elimination rate constant.
The following parameters with their 95% confidence intervals were obtained from the fittings: [Cu 0 ] ϭ 8,000 Ϯ 2,000 g/kg dw , [Cu eq ] ϭ 40,000 Ϯ 5,000 g/kg dw , k e ϭ 0.05 Ϯ 0.02 h Ϫ1 , and r 2 ϭ 0.874. To study the effect of Cu exposure concentration on Cu uptake, mussels were exposed to concentrations ranging from 0 to 120 g/L for 24 h. Figure 4b shows a linear increase in Cu content in the soft tissues of mussels exposed to Cu concentrations from 0 to 65 g/L. This can be described by the linear regression shown in Table 2 (model 1). No further increase in Cu uptake was observed at higher exposure concentrations, and the regression line for these data was not significant (Table 2, 
model 2).
Effect of HA concentration on Cu uptake by whole mussel. The effect of HA on Cu uptake in whole mussels at 24-h exposure time was studied at different total Cu (0-130 g/L) and HA (0-10 mg/L) concentrations. Figure 5a shows Cu uptake as a function of total Cu concentrations and the regression line obtained from the Cu-only treatments for Cu concentrations between 65 and 130 g/L. No significant differences were found in the Cu content of the mussels exposed to Cu plus HA compared to the mussels exposed to Cu alone. At all Cu concentrations tested, the uptake of Cu was the same when all the Cu was present in the labile form or when 25, 50, or 75% was complexed by HA. Including a depuration phase of up to 48 h showed some elimination of Cu but did not influence the pattern. Figure 5b shows the same results expressed as a func- (1 Ϫ exp(Ϫk e t)) (see text). In b, the regression lines of Table 2 are plotted, regression (1) as a solid line with the 95% prediction intervals (n ϭ 7) up to 65 g Cu/L and as a dotted line for higher concentrations and regression (2) as dashed line. Table 2 . Regression models of Cu uptake for mussels exposed for 24 h to different Cu concentrations a tion of the labile Cu concentrations. The regression line predicting mussel Cu contents in animals exposed to Cu alone at concentrations from 0 to 65 g/L also is presented. It can be observed that in contrast with the results for excised gills (Fig.  3b) , uptake in the presence of HA often was significantly higher than that expected on the basis of the labile Cu concentrations. This indicates that the Cu-HA complexes contribute to metal uptake at the whole organism level.
DISCUSSION
Because of their large exchange surface and high pumping rate, gills are one of the main gates for uptake of dissolved metal ions in aquatic organisms. This uptake is mediated by transport proteins spanning the plasma membrane of the gill epithelial cells [4, 33] . The present study shows that Cu uptake by the gills of the common mussel is linear as a function of time and Cu exposure concentration within a time frame of at least 2 h and a concentration range of 0 to 150 g/L. This linear relationship also implies that no significant elimination from the gills was observed. Additionally, the accumulation rate constants were high enough to detect increases in Cu concentration in gills exposed at low Cu concentrations within 1 h (i.e., 80-150 h Ϫ1 ). Thus, mussel gills appear to be an interesting preparation for studying the uptake of metals by bivalves. It has also been shown that the gills remain completely active several hours after dissection and that they show ciliary movement for more than 1 d after being excised. Copper uptake rates in excised and nonexcised gills are comparable as well [34] .
A clear decrease in Cu uptake by gills in the presence of HA is shown. This decrease can be modeled either by a multiple linear-regression model with a negative coefficient, c, related to the HA concentrations (Table 1, model 3) or by using the labile Cu concentrations in the water (Table 1 , model 4). The new slope is the same as that obtained in the Cu-only experiments, meaning that the labile Cu concentrations represent the bioavailable forms. This is in agreement with the free-ion activity model, because in a buffered and chemically defined medium, the inorganic Cu concentration is correlated with the free-metal-ion concentration or activity [30] .
The results of the experiments on Cu uptake by whole animals were markedly different from those obtained with isolated gills. Copper accumulation in the soft tissues was linear with time during the first hours of exposure but reached a steady state after 3 d of exposure. The same behavior was observed for Cu accumulation by Macoma balthica [21, 22] . The short-term accumulation data could be fitted to a singlecompartment accumulation model characterized by a high elimination rate, causing the saturation kinetics. However, the elimination rate obtained from the fittings (k e ϭ 0.05 h Ϫ1 ) was much higher than the observed elimination that was obtained when transferring the mussels to clean seawater (48% of Cu content was released in 3 d, k e ϭ 0.01 as reported in [34] or similar values as reported in [15, 35] ). The discrepancies between the measured k e and the k e estimated from the fittings Cu uptake by mussels in the presence of HA Environ. Toxicol. Chem. 24, 2005 979 probably relate to the high Cu concentrations achieved in the gills during the whole-mussel experiments (ϳ150 g/g) [34] . The rapid increase in internal Cu concentrations may result in the saturation of cellular ligands and a decrease in the concentration gradient across the interface [9] . Thus, the value obtained for the k e likely is an overestimate of the real elimination rate and includes the decrease in the uptake rate caused by the decrease in the Cu gradient. Exposure of the mussels over 24 h to a range of Cu concentrations showed a linear increase in Cu accumulation up to a concentration of approximately 65 g/L. A further increase of the Cu concentration did not increase metal accumulation within the 24-h exposure period. Generally, metal uptake increases linearly with exposure concentration at low levels of exposure and shows saturation at higher levels [32, 36] . However, the Cu uptake pattern observed in these exposure experiments probably reflects the fact that Cu is an essential element and that mussels can regulate the internal Cu concentration within certain limits [33, 37] . This agrees with the relatively low variability in Cu concentrations found in mussels from very different environments compared to other metals [17, 33] .
The presence of HA did not cause any significant decrease in Cu accumulation by whole mussels. This observation conflicts with the free-ion activity model: HA has a clear effect on Cu speciation, but this effect is not reflected in its bioavailability. The regulation of Cu concentrations in the tissue at high Cu exposure concentrations (Fig. 4b) cannot explain these results, because the free-metal-ion activities in the presence of HA were well below the threshold above which the linear relationship between Cu exposure and accumulation is lost. Thus, mussels exposed to Cu in a complexing medium accumulated more Cu than expected on the basis of labile Cu (Fig. 5b) .
These results agree with those of previous studies showing that HA does not have a protective effect on metal uptake by bivalves (for Cu, see [38] ; for Cd, see [25] ). These studies suggested that HA may facilitate transfer of the metal ions to the carrier proteins in the cell membrane. This explanation conflicts with the free-ion-activity model and challenges its validity in the presence of natural organic matter. It also conflicts with the results observed for Cu uptake in the presence of HA by the copepod Acartia tonsa [39] and with the decrease in toxicity observed in the presence of HA for Paracentrotus lividus and Cerodaphnia dubia [11, 12] .
In the present study, Cu-HA complexes appeared to be unavailable for direct uptake across the gills. If HA facilitated the transmission of metals to the cell membranes, it should have been shown in the gill experiments. Thus, at the wholeorganism level, other routes of uptake for the Cu-HA complexes probably exist. The most likely pathway is the digestive system. For dissolved metal species, the dietary route often is considered to be of secondary importance, being mainly of importance for uptake of particulate metal. In fact, the Cu-HA complexes mostly are not truly dissolved species but, rather, suspensions susceptible to forming colloidal particles with aggregation properties [40] . These particles may be ingested by the mussel and the complexes broken down in the digestive system, releasing the metal ions in the process. The same explanation has been previously given by Guo et al. [26] . They observed a decrease in uptake of metals at very low dissolved organic carbon concentrations but an increase in uptake at higher concentrations. Alternatively, the Cu-HA complexes may be transported across the gut epithelium by pinocytosis for further intracellular digestion as other particles [33] . Either way, the result is a metal uptake rate that is higher than would be predicted on the basis of gill uptake and the free-metal-ion activity model. In summary, HA had no clear effect on Cu accumulation in mussel soft tissues in the present study. Nevertheless, when excised gills were studied, HA reduced Cu uptake, and Cu-HA complexes appeared to be unavailable, or at least much less available, compared to the free Cu, supporting the freeion-activity model. The discrepancies obtained with whole mussels probably relate to direct uptake of colloidal Cu-HA complexes through the digestive system.
